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ABSTRACY

Eleven U. S. Navy divers performed comparstive dynamic pulmonary function
tests under conditions of incressing density of the respiratory media,
Variations in density aind viscosity were produced by having the subjects
breath air and helium-oxyaen mixes in alternate studies while being
suhjected successively to 1 through 19 atmospheres absolute pressure,

A+ \ atm, »%«, tha nredicted aroup mean MEC for air was 134,4 L9
veasured ¥'C wae 180.1 for alr, 228.4 LPM for 80X helium-20K oxygen.

At 2 atm, abe, the MRC for air, was decreased below predicted normal

but not until 6 atm, ats, did the MBC for helium-oxygen decrease helow
nredicted normal. At S atm. abs, the MBC was decreased to 34.68% for
alr, %9.8% f5r HeO2. The timed vital canacity curve showed » proares<ive
flattenino acneciallv of the first second interval, The mean MEF
(crnstained 0.2 emc,) fo11 from 421 LPM to 140 LPM for air, and 548 L°M
to 223 10, fav POy (Br-27)

Subs*ttsution of 797 heliu~-5%X oxygen at 15 atm. abs, produced sianificantly
1ece variatina fram normal {n all parameter~ ~easured., Mean fiaurei were
745 0f ~redicted C, 70, 9% first second T/C, and an MEF ¢+ 2R PV,

The increaced an~k of breathing accompanyino increased density of the
recpiratorv med’a nrohahly accounts for the relative decrease in RMV
nrevioislv obser-ed in ':nderwater swimmers, Hioh oxyaen partial precsure,
increaced work of hreatkina ar hypercaonia oro:ide the ideal settinc for
oxveen toxicity, Hellur-oxyacen mixtures orovide a —ore ideal respiratory
redia than nitronen-oxycen mixtures for marked hvoerbaric conditions,
ecneciallv under circumetances reauirinc hich f'ow rates and large respir-
atorv ripite volwres, '
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SUBBMARY

The capacity of the ventilatory apparatus ¢an ¢ 9velusted by the use
of maximum effort dvnemic ventilaiory tests. These tests do not give
2 direct snswer s to the response of the respiretory epparstus under
8 specific, submeaximal stimulus but they do define the upper limi:s
of ventilatory capecity. The meximum bresthing cepacity (MEC), tiued
wv§1a] camacity (TVC), and maximus susteinsd expivetory flow rate (MEF)
arm three such tests. Any factor which reduces the ability to perform
thsse function tests can be considered to reduce the overall cepacity
o5 the composite respiratory apparatus. As density and viscosity

of the respiratory media change one might expect an influence on tihe
ventilatory cspacity.

Eleven trained subjects, deep sea divers, were selectpd on the basis
of noxical pulmonary function. Their MBC, TWC, and MEF were compared
at surf. & (1 atmosphere absolute) with performance of the same
tests at increasing barometiric pressure througlh 15 atmospheres
absolute. A comparison was mbtde between air and heliux-oxyyen
mixtures as respirstory medis.

There was a siriking decrease in all parsmeters measureds The MBC
maan decrease was 18.5% at 2 atmospheres, 44,2 at 6 atmospheres
and 66.8% at 15 atmospheres while breathing helium compared to

a such greater decre¢zns while breathing &irs 22.% st 2 ata.,
5%.85 at 6 atm, 3 75 @™ at 15 atm. At 15 atmospheres with a
mixture of 9% helium, “X oxyjen the mean percentage decrsase in
MBC was only 54.4%. The timed vital capacity was grossly altered,
mairly as a reduction in the first second segment. Air produced

3 greater raduction than d:d helium-uvygen mixtures. The MEF was
decressed to 3 mean of 140 LPX at .5 atmospheres with sir and to
a mean ot 223 LPM with 80X helium-20X oxygen at 1% atmospheres.

The overall reduction in ventilatory capacity is probably the result

of increasing density of tha resciratory sedia with increasiny barometric
pressure, and is most likely medistad through increased turbu!snce of

the gases in azcordance with Reyncld's fusber,

The influence of the incressed work of breathing accounts for the
previously observed decreased KMV and hypercapni2 in underwater
swimmers. This effect is potentiated by the high ; artial pressure of
oxygen which exists during diving. There may »c an additional rcle
of the incressed work of breathing, carbon dioxide retentior, and
high oxygen partial pressure ir producing oxygen toxicity.

It is recommended that helium-oxygen mixtures be used instead of
rnitrogen-oxygen in mixed ges diving in order to decreass the work

of breathing, provide better 2lveolar ventilation &na decrease the
danger of potential oxygen convulsions., Recosmendation is made that
further research be carried out to develop HeOp techniques and equipment,
and to furthbar evaluate ihe phys'ologic parameters of helim bresthing

a: compared to other respiratory ocases.
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ADMINISTRATIVE INFORMATION

This study was conducted under Project NS 1895-00% Subtask 5 Test i3 and

is part of the oversll effort of the U. S. Nevy Experimental Diving

Unit to contribute to the information on physiologic parameters of

diving. Specifically, the tests are applicable to the use of various
respiratory media in scuba and the capability cf the rwspiratory spparatus
during dives to great depths,

Work was begun on this study in October 1961 and was complated in March
1%2.

ESTIMATED MAMPONER REQUIREMENTS

Description Maphours

Diving 300

Data Handling 200

Literature Review and Writing 130

Drafting 10

Clerical 50
TOTAL 860 hrs.

This data was presenied at the American Medical Association, Scientific
Assembly, Section on Military Medicine, Joint Meeting with the Section
on Diseases of the Chest, Chicago, Illinois, 27 June 1962,

The outstanding co-operetion and efforts cf LTJG Joseph L. REYNOLDS,
MSC, USN and VAIL, John R., HMCA{DV), USN for their participation as
testers in addition to their other duties {s gratefully acknowledged.
Special thanks ave due al] the divers and staff of EDU for their
co-cperatior as subjects and chamber operators,
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1. INTRCOUCTION

1.1 Background

1.1.1 The maximum breathing capacity (marimum voluntary ventilation),
tined vital capzcity, and maximum flow rates, as measures of dynamic
pulmonary function, are reflections of the working limits, or ventilatory
capacity, cf the anatomical respiratory apparatus. These tests set

the uprzr limit of the respiratory pump. Although the sime level of
function is seldom or never used in normsl physiclogical requirements
these maasure -1ts are useful tools in ascessing pulmonary function
becaus« 2 reduction in these parameters is almost certain to be reflected
in ar. chinge in the efficiency of the composite apparatus. The techniques
utili: in these dynamic measurements are simple and require relatively
vimple i.strumentatjon in the clinical setting. The same is npt true

of many of the more complex, uvften confusing, performance measuremcnts.

1.1.2 In addition to the intrinsic nisto-pathological processes which
may reduce the abi,ity to move alr into and out of the lungs, certain
other factors internal and external to the subject may reduce the ven-
tilatory capacity by ‘nfluencing the alrway resistance. Alrway resistance
is dependent not only upon the anatomical state of the conducting air
passages bt 31so upon the non-elastic resistance to air flow. In the
vympletely healthy and fully co-operative subject the ventilatpry capacity
¢i _he vespiratory pump is alrosi wholly dependent upon the non-elastic
« w.. refistance. Under these .!=~ mstances, airway resistance is

. 1 11y deper jent upon the sum c: tné product of the velocity of

5 spiratory medi1 and the viscosity and density, respectively. The

v we of alrway resistance may be inferred by changes in the maximum

v~ 4thing capacity, timed vital capacity, and maximum flow rates.

1.1.3 Deep sea divers ha » recognized for many years the subjective
sensation of "thick® air and have commented upon the reduced ability to
hyperventilate while breathing compressed air at several atmospheres
ambient pressure., Many investigators have mentioned the probable reduction
‘7 ventilatory capacity due to the added work of breathing dense air.

There appears to have been very little actual investigation of the
physiological alterations produced by thie phenomenon.

1.1.4 The mathematical expression, AP = K, (V)+ K, (v), as oroposed

by Rohrer, is most commonly accepted as recreq-rt no the physiological flow
conditions at une atmosphere absolute ambient pressurs, In this formula

AP is the expresgion of driving force producing air flow from a high to

4 low pressure, V expresses the velocity flow of the gases and K and K,
are, respectively, laminar and turbulent flow constants. In the sugges‘ed
formula K,, the constant for laminar flow, is the function of the viscosity
of the ga& whereas K, the constant for turbulent flow, is density capenuont.
It was originally aszuned that the predominant flow pattern in the respir-
atory passages is laminar and that turbulent flow exists only at points

of cross sectional change and normal anatomical airway {rregularities,

This assumption was probably erroneously drawn due to incorrect evaluation
of velocity air flow in the air passages. It seems likely that the
predomiant flow is turbulent and s present even in the straight air
oassaqes {3),

1.1.5 If healthy, physically fit subjects with a more than usual demand
on their respiratory apparatus are subjected to changes in density and
viscosity of the respiratory media one would expect to see a rather
marked influence upor the capacity of the respiratory pump proportional

-1-
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in some manner to the degree of change and influenced by the velocity of
air flow. !

1.2" Gblective

1.2,1 Because of the need for deep diving operstions by the U. S. Navy

and the need for heavy werk capability necessitating large flow rates

for adequatle alveolar ventilation, it is important- to know the limitations
imposed upon and by the human respiratory apparatus under these conditions.
Customarily, compressed air is utilized as a respiratory medium in dives

to 200 ft. (3 atm. abs. pressure) and helium-oxygen mixtures are sub-
stituted below this depth because of the narcotic effect ascribed to
_nitrogen. We have little information on the effects of air or helium on the
ventilatory dynamics below this depth and no comparison of the various media
in the more shallow depths. Miles (1) reported mean percentage reduction

in maximum breathing capacity of 51.7% at 200 ft. sea water eGuivalent
depth, breathing air, a mean percentage reduction in MBC of 27.3X at

33 ft. (2 atm. abs.) and 48.9% reduction at 99 ft. (4 atm. abs.). No
measurement of flow rates was made and there was no comparison with

helium mixtures, He calculated a reduction in KBC of approximately 75%

and 60X with air and with helium-oxygen (92-8%), respectively, at 594 ft.
(19 atm. abs.). Marshall, Lanphier, and Dubois (2) found a linear

decrease in the maximum expiratory flow rate with increasing depth despite

a greater exerted ventilatory pressure at depth. Their observations

were limited to three subjects at 4 atmospheres and one at 5 atmospheres.

1.2.2 Because of the need for further understanding of the relationship
between increasing density of respiratory media and pulmonary ventilatory
capacity and the need for guide lines in selection of respiratory media
for both conventional deep diving and shallow diving with SCUBA equipment,
the present study was undertaken. - z

2. METHODS AND PROCEDURES -

2.1 Methods

2.1.1 Maximum breathing capacity (MBC), timed vital capacity (TVC), and
maximum sustained expiratory flow rates (MEF) were performed by eleven
male subjects using a 13.5 liter capacity Collins Respirometer installed
in a U. S. Navy recompression chamber. The respirometer was fitted
with 1.5 inch internal diameter smooth rubber hoses and a large

bore directional breathing valve. The bell was chain balanced and since
all the tests were of short duration, the internal valves and carbon
dioxide absorption canister were removed in srder to reduce inertia

and obstructive resistance to a minimum.

2.1.2 The MBC was performed in the standard manner of maximum effort
for fifteen seconds with the subject choosing his own rate and depth
although the extremes of panting and of maximum vital capacity were
avoided. The greatest result of duplicate or series tests was expressed
in liters per minute. The timed vital capacity was performed in the
standard manner utilizing the complete vital! capacity and a maximally
forced exhalation with a record paper speed of twenty-five millimeters
per second., The maximum sustained expiratory flow rate was calculated
by analyzing the expiratory volume flow curve for the maximum flow slope
sustained over a two-tenths of a second interval,

-2-




2.1.3 A recorded output was sbrained frzm a low mechinical resistance
potentiometer attached to the zesgizemetsr puiley. This sutput was :
recorded by a Sanborn model 1%C recelver-amplifier and variable speed, hot
stilus recorder, outside the zecompressicn chamber. Tre potentiometer
Output was calibrated for vslume and :peec of tesponse agalnst the
recording pen of the Collins Respiremeler precedang and following each
testing period.

2.2 Procedure

2.2.1 The experimentar des’.n ‘. s*..m7. I3 figure !, The subjects

were selected on the basis cof ~:rvma. puimsvazy funcilcn as determined by
lung volumes and respiratory 2sasmid. meesived at one ztmosphere ambient
pressure with ambient air as the .e:ia’vivcry aed’om (Table 1). These
tests were repeated several times ana sesved o fami.larize the subjects
with the apparatus anc deveiopeds 3 - npeiiiive atmosphere.

2,2.2 The comparative tests wexe :agucced != $!ve phases as outlined in
Figure 1. The piocedure was casicaily tre same ‘R each phase. The
subject was comfortabie seated in the recimpression chamber with the tester
acting as tender for the sunject =nd making the necessary respirometer
adjustmente and manipuiatisns. Alr studles were conducted utilizing
ambient chamber air following venziliation of tie cecompression chamber,
The helium-oxygen mixtures for the subjecw avd iender were supplied by
demand reguiators from cuteide the chempe: thircugh = reduling valve. At
one atmosphere dupiicate measaraments ot M. 1VC, and MEF were made with
the subject breathing air. The supisc* tien vreacthed a helium-oxygen mixture
(80%-20% recpectively) fcx 2 a'almum 3f sevenvy-five seconds in order

to wash ocut the lungs. .This per s i ip2n clrcuitv breathing was found
to reduce the previousi; bpreach=C “aexr yrz w2 &% <r less residual end
tildal fraction. Fracticnal exnois? gis rersenvtages were determined by
chromatography using a Zecwman ¢ A gis chromatograph utlilizing Argon

as the carrier gas.” During tn%s ~.Im» re uester filled and flushed the
respirometer several times with toe 4:0r niriure. The MBC, TVC, and MEF
were then repeazed n Jup.ivcate wli.. ‘¢..ud S>xyyen as the vespiratory
medium. The cnamber was then press..iz2e frem the conpressed air source
at a rate of 5 tv S atmospheres ialve2se 'a preisuTe per minute. The
subject and te:zter oreathed thamp:r 4ixr <wurleg prossurization., In phase 1
the chamber pressure w3s leveled o7f axv 4 utn. apsoiute where the
measurements on aizr, :14ng wash-out AnC mrp3surements oo He02 were repeated
in the same mannes 3s at . aim. abs i~» <pancex was then deccmpressed

to 3 a2tm. abs. and the same ordel o’ ‘wiiing repeated The same procedure
was followed at 2 atm. z2bs. Decomgvessisn wis carriec sut according

to standard U. S. Navy gecompressi ~ {zo.23 a~d repeat me2surements were

’

made at i atm. abe. Phase T wi. lcentlril o pnase 1 exzept iesting was

carried out 3t 1 atm. and 8 AT, wiav.

2,2.3-- At marked hyperbazic pressdresc -2tif= 3 and phase 4, a change in
procedure was necessary to preve”t the tclulrenle of nitrogen narcosis
during pressurization. Previzus studiee 3t the Experimental Diving Unit
have shown that performance is marxedly .mpmired at nigh nitrogen partial
pressure after orly 2 to 3 minutes. Ihererore; the subject was tested

on HeO2 /BO%-20%) and then 2ir at I atm. 3nd at 9 and 1S atm. abs, in
phase 3 and phase 4, respectiveiy Darzing pressurization both the subject
and tester breatned HeOp by open ifztult demand system. Previocus
experience at this laboratciy na: showr & 3Idverse eiectrocardiographic
effect in suddeniy swiiching fxom hel'um-sxyyen to air as the breathing
medium at 15 atm. abs. In phase & i-e orygen percentdge was reduced from

&~
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FYGL>" ., EXPERIMENTAL DESIGN

1. "nitial measurements for subject selection
ambient air at 1 Atm. Abs. as respiratory
medis lung volumes, MEC, TVC, MEF

| 1 1
« Moderate hyperbaric pressure 1I1I. Marked hyperbaric pressure IV. Marked hyperbaric pressure
(He O 95 -5%)
1, MBC, TVC, MEF - air 1., TVC, MEF, MEC - air 1. T]C, MEF, NEC - iy
2. washout = 75 seconds 2. washout - 75 geconds 2. washout - 75 seconds
3. MBC, TVC, MEF 3. MBC, TVC, MEF 3. MEC, TVC, MEF
zoowgosa :oOn@o..mou :oon 80 - 20X
Pressurization at 3 - % Pressurization at 3 - % Pressurization at 3 - %
Atm,/min. smbient chamber Atm,/min, He 0, 80 - 2% Atm./min, He 0, 80 - 2%
alr as respiritory media as respiratory media as respiratory media
Standard Standard quick switch to Standard
Decompression Decompression He ou 9% - %X Decompression
‘ ‘ at 97 Atm, E.o \
Phase 1) 4, 3, 2 Atm Phase 3) 9 Atm Abs, Phase 5) 15 Atm, Abs.
Phase 2) 6 Atm, Phase 4) 15 Atm. Abs, 1. TVC, MEF, MBC - He 0, 95 - ¥
1. MEC, TVC, MEF - aly 1, TVC, MEF, MEC - He 0, 80 - 2% 2, washout = 75 seconds
2. washout - 75 seconds 2. washout = 75 seconds 3. TVC, MEF, MEC - iy

3. MBC, TVC, MEF Ye o~ 80 -~ 2% 3. MEC, TVC, MEF - air




TABLE 1 - VITAL STATISTICS OF SUBJECTS
USED IN THIS STUDY’#

Mean S.D.
Age 32,8 yrs. 3.%
Height 69.7 in. 2.3
(177.1 cm.) (6.0)
Weight 169 1bs. 20
Body Surface Area 1.93 & 0.19
. .
N=11
" Ba'dwin, Couvmand T chivds: Vedic-ne, 273243, 1948




20% to X for measurement at 15 atm. abs. This necessitated a switch
from the 80X-20X HeO,, on which the pressurization was begur, to 95-5%
HeO2 during the prn%ur!ution. This was accomplished by ¢ quick switch
outside the chamber at a pressure of spproximately 9 atm.

3. RESULTS

3.1 The vital statistics for the subject group are summarized in Table 1.
The subjects consisted of 9 U. S. Navy enlisted men trained in deep sea
and SCUBA diving assigned to the U. S. Navy Experimental Diving Unit

ard 2 U, S, Navy submarine and diving medical officers.

3.2 Table 2 shows the mean performance for the group at one atmosphere
absolute with both air and HeOp (80-22%) as the respiratory media. The
group was normal or better on all parameters of dynamic pulmonary
function, .

3.3 There was a reduction in all parameters measured with increasing
barometric pressure, The subjects demonstrated marked respirstory work
of all the inspiratory and expiratory suscles during thess maxirum effort
tests, Figure 2 is a reproduction of a representative subject’'s recorded
performance. The MBC tracing on the left shows, in sddition to the
reduced total volume of gas exhaled, a progressive change from rapid
breaths of approximately 120 per minute and utilizing spproximately half
the vital capacity to a slower respiration, both inspiratory and expiratory,
and a slight change in tidal volume. The right side of the figure shows a
flattening of the timed expiratory curve to an obstructive pattern with
increasing pressure,

3.4 Maximup breathing capacity -

3.4.1 There was a progressive reduction in the actual measured MEC with
increasing barometric pressure. Figure 3 gives a comparison of the percent
decrease in MBEC with air and HeO, (80-20K), respectively, as the respiratory
media. The measurement at 1 atmosphere was coniidered to be 100K, {.e.

no reduction. The rapid decrease in performance is apparent in the moderate
range down to 6 atmospheres absolute (sea water equivalent depth of 165 ft.);
however, the curve has not completely leveled off at 15 stmospheres.
Surprisingly, the percentage decrease with HeO2 is also very striking. Oxygen
was felt to play 2 major role in this reduction; therefore, the studies at
15 atm. were repeated with the cxygen fraction in the helium mixture reduged
to 5%. This improved the performance very significantly.

3.4.2 Because the performance on the HeO2 mixture was 8o much greater thgn
that on air at 1 atm., a comparsizon wis made in the percentage of predict
MEC bazed on values predicted from body surface area and age, Figure 4.
The mean for the group at 1 atm. was 135.1% of predicted normal on air and
171.5% of predicted normal on HeOy. At 2 atm, the group mean was reduced
to 88.3X predicted normal for air ard remained well above predicted nomal
on HeOy, 132.2. Only when the pressure had been increased to 6 atm. abs.
did the values.on HeO: fall below 100X of predicted normal. At this depth
the MEC values were 60.1% and 95.8% of predicted normal for air and HeOgp,
respectivaly. At 15 atmospheres there was 2 significant reduction in both
media, however 76.8X of predicted normal remained with HeOp 95-3X as the
respiratory medium,

-6~




TABLE 2 - XEASUREMENTS OF BASE LINE VENTILATORY DYNAMICS

COMDUCTED AT SURFACE WITH COLLINS
13.5 LITER RESPIROMETER =

Predicted Surface M.B.C.

Measured Surface M.B.C. - Air
- HeO, (80%-20X)

Predicted Surface Vital Capacity

Measured 3urface V.C. - Alr

- HeO, (80X-20X)
Measured Surface M.E.F. - Air
- HeO, (80%-20%)
Measured Surface Timed Vital Capacity
Alr
Mean  S.D.
1 second 81.2% 6.8
2 seconds 92.3% 3.6
3 seconds 96.4% 2.1

Mean $.D,
134.4 1PN 8.4
180.1 LPM 27.8
228.4 LPM 36.0

4246 cc 118

4240 cc 487

4240 .c 48%
420.€ LPM 54,6
548.4 LPM 76.8

HeO, (80%-20X)

Mean S.D.
25.0% 5.8
93.7% 3.4
T .0% 2.2




FIGU'E 2, REPRESENTATIVE TRACINGS
SUBJECT : DEX
AIR HE
HE AR HEO2
AR 22 v 3250 e 3500 ce
MBC 177.4 1PM 235.7 Lt 1 86.5 % 88,7 £
i 96.2 £ 98,2 £
3 100 X 100 £
HE 02
AIR AIR
- HE 02
{ J [l 1L _
AIR HE 02
AIR KE 02 ‘{C 3688 ;c 3750 co
" 1.8 .
MBC 105.4 LPM 155.2 LPM 2» ;0.8 £ 335.‘2. :
3 %k £ NEE
3
ﬂ\\
L 4
k\\_ \HE 02
B
AR HE 0,
} 1 1 [ 1
A HE 02 AR, HEGR
D v SUBJECT UNABLE 3500 ce
MBC 49,9 1LPM 91.5 LPM 1" TO PERFORM DUE o TV 4
2* 70 NITROGEN %6 £
3 NARCOSIS 100 »
§
o
-4
HE O HE 0p
AR —_—
[ I 1 1 [\ 1
15 10 5 ] 3 2 1
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3.5 Iimed Vital Capacity

3.5.1 There was a marked reduction in each segment of the timed vitsl
capacity especially in the 1 second intervai, Figure 5. With the
subjsct breathing air a definitely obstructive impairment is produced.
This effect is evident even in the moderate range of hyperbaric pressure
(less than 200 ft. sea water equivalent depth).

3.5.2 The three second timed vital capacity was less impaired, indicating
a reduction in the peak expiratory flow rather than a reauction throughout
the entire exoiratory phase.

3.6 Maximum Expizratory Flow

3.6.1 The maximum expiratory flow was caiculated from the highest rate

of volume flow sustained for C.2 sec. and is evxpressed in liters-per-
ainute flow. The values found at one atmusphere are well within normal
range, Figure 6. Both media show a rapid reduction in fiow with incressing
density of the gases. Howevrr the helium-oxygen mixture produces a more
favorable result than a compa..nle nitroger-oxygen {air) mixture at all
depths tes.c.i. With substituticn of the §5-5% HeO2 tne flow rates remain
near norma! values for flow when compared with wmid-expiratory flow while
bresthing air. The flow rate with 95-5% HeO2 {s siightly more than twice
that of air when measured st 19 atmospheres.

4, DISCUSSIiOH

4.1 The overall effect of tne increase In cardmetric pressure was &
depression in all measured parameters -~ dy-2mic pulmenazy functlon with
the deveiopment of 21 obstIuctive fa..e. e acs: iikely expianation
for this finding !s the incredsed a’zwa. -ca-elaslic resistance secondary
to the increased caisity of 4ne sesplvatiuy zases. his resistance factor
of density {s mcst pripably med’ated v-zoug~ 37 ‘rireased turbuience.

The dacrease in obseérved pezfsimaice s progortisaé. “o the IncTease in
denzity thougn not in a iinear ma-raz.

4.2 Workman has predicied s aec.e3se ! MEC pooporilcaes ts increasing
density using tre fozmia iafensitv. Ine giapnic greseszatlor of this
predicted decrerent cuxzve i3 3lve~ - Flguze 7. ¥HIs flgures agree falrly
closely with our experimertal finci-gs. i@ Iwe woulid pechnaps fali more
closely together haa the same C2se .i"e cees. u3es 33 reterancte. Workman
assumed the hypcthetizai man 1o adve 100% =7 poec’ctec MEC on air and a
greater than 100X of aoymal 2~ 7e02. Cucz cup ects weze actuaiiy found to
have a grester than 00X pred; <e! M Litatalng 2239 8ir and heilum-
oxygen mZxtures. Workman 2is:- ta.cuiatad & ce:isement curve with the
subject presthing 2 92% nelicm- B8R :xygen mir _uue wrayeis cur sunject
wreathed 1n B0K hellum-20% oxygen mlrysure 3°c 2t .5 atasspheres »iso
breathed 95X helilum-3% oxygen. Workwmaa’s <3..ulai!sni ave very similar
to Miles®' /1) figures caiculated utl.l1%ng resp’.atory ges of similar
composition; however, Miles appears to have mide an error In calculation
at the lower pressures.

4.3 Mead (3) has shown, In actuai measuresents of resistance to breathing
on & limited number of subjects ot 1nczeasec amhient pressure. that
Rohrer's equation does not sccurate.y goedict tae tice effect of changing
density and viscosity cn turbulente. “-deed ¢ propises ihat Reynclds's
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number more adequately expresses the gas flow resistance in the respiratory
tree, Resistance would then be directly proportional to the density and
inversely proportional to the viscosity. With an increased density there
would be increased turbulence, however with increased viscosity the
turbulence would actually be decreased. The net effect then on resistance
would be proportional to the ratio of density to viscosity, or to the
kinematic viscosity.

4.4 In our study the major relationship seemed to be that of performance
to density. In the helium studies the reduction in the percentage of
oxygen, which is a dense gas, and incresse in the helium ¢raction rather
dramatically improved the parformance. The effect of lowering the oxygen
partial pressure on respiratory control cannot be excluded; however, since
the effective oxygen partial pressure remained 75% of one atmosphere this
seems less likely, The mean percentage figures fcr each of the media

are given in tables 3A, 3B, and 4.

4.5 Lanphier (4,5) observed a decreased respiratory minute volume (RMV)
and elevation of the alveolar and blood pCO2 in underwater swimmers. He
made observations on several subjects with varying respiratory media
including oxygen, air, helium-oxygen (55-45%) and nitrogen-oxygen (55-45%)
at increasing atmospheric pressure to 5 atm. abs. (132 ft, sea water
equivalent), The decrease in RMV was greatest oii air at 5 atmospheres but
was decreased in prorortion to the normal response expected for the
observed alveolar pCO2 in all instances. The exact etiology of this
depression was unclear but depressive effects of nitrogen on the
respiratory center and increased breathing resistance were suggested.

It is unfortunate that mixtures of high oxygen content were selected for
comparison since this produced a respiratory mixture of high density.

4.6 Interpreted in the light of presently existing data the finding of

a decreased RMV in underwater swimmers breathing air or nitrogen-oxygen
mixtures is not surprising. It is clear that the total work required for
breathing is increased in temms of effort expended and oxygen consumed in
performing respiratory work when breathing a gas of high density. If the
efficiency of the respiratory muscles is comparabie at hyperbaric states
to that of the emphysematous patient, as is the alteration in the respiratory
pattern, tne oxygen requirement to move the same volume of air is greatly
increased. Cherniack (6) has shown that in the emphysematous patient the
oxygen cost of breathing may be as high as 19.5 ml, per liter of
ventilation, or nearly 16 times the normal mean, and that mean efficiency
of & similar group was 1.8%., He attributes this difference to a greater
work load. Other investigators have shown similar figures for oxygen
costs of breathing with slightly lower respiratory muscle efficiency.
There can be no doubt that the work required for breathing is greater
with increased density of gases. Mead (7) attributes a part of this
increased work requirement to inertia of the air with increased ambient
pressure

4.7 An spparent paradox exists. Even with the incressed breathing
resistance there appears to remain sufficientventilatfry capacity to
meet the physiologic needs, at least for mild activify, yet the
respiratory effort appears insufficient to produce adequate alveolar
ventilation. As a consequency the alveolar pCO2 is eclevated to abnormal
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TABLE 3 A - RESULTS OF MEASUREMENTS OF VENTILATORY DYNAMICS
AT PRESSURES OF 1 - 15 ATMOSPHERES ABSOLUTE.
BREATHING MEDIUM - AIR"

Depth in Percentage
Atmospheres Decrease
~Absolute  __in M.B.C,

1 -
2 22.5%
708
3 36.5%
9.9
4 43.8%
8.5
6 55.8%
6.5
9 60 .6%
4.6
* 5
15 75 .4%
4.0 _
*
N=11
*%
N= 10
Fu=8

Percent of
Predicted

M.B.C.

135.1%
24,7
99.3%
14.7
81.0%
14.3
71.8%
13.0
60.1%
10 6
51.1%

8.6

34,88

7.5

“16~

Timed Vital Capacity

1 sec. 2 gsec, 3 gec, M,E.F.

81.2% 92,3 96.4% 421 LPM Mean
6.8 3.6 2. 54,6  S.D,
73.9% 89.5% 94.3% 313 LPM Mean
9.5 4.7 3.3 54.9  S.D.
70.4% 87.5% 94.1¥ 271 LPM Mean
7.1 6.1 4.3 39.5  S.D.
68.1% 86.3% 93.2% 266 LPM Mean
6.4 5.0 4,0 25.1  S.D.
62.5% 82.4% 90.6% 230 LPM Mean
7.5 6.3 4.4 22,6  S.D.
59.4% 81.1% 91.3% 199 LPM Mean
7.4 7.2 4.6 21.6  S.D.
50. %% 77.3%" sa.5%" 140 LoW¥ Mean
6.5 8.1 6.5 23.0  S.D.




TABLE 3 B - RESULTS OF MEASUREMENTS OF VENTILATORY DYNAMICS
AT PRESSURES OF 1 - 15 ATMOSPHERES ABSOLUTE,
BREATHING MEDIUM - HELIUM OXYGEN (8c%-20%)"

Depth in Ppycentage Percent of
Atmospheres Decrease Predicted Timed Vita} Capacity

MJ&L&L_LLLLWM.ML

1 - 171.5%  85.0% 93.7% 97.0X 548 LPM Mean
- 32.9 53 3.4 2.2  76.8  S.D.
2 18.8% 132.%  81.6% 92.3% 95.9% 407 LPM Mean
5.3 18.0 6.2 4.2 3.0 842 5D
3 29.5% 14,85 77.9% 90.8% 95.3% 370 LPM Mesn
5.7 17.4 7.1 3.5 2.5  60.0 S.D.
4 36.6% 103.5%  78.2  91.4 96.0% 351 LPM Mean
4.9 16.8 7.2 4.8 2.6 48.7 s.D.
¢ 44.2% 95.8%  73.3% 88.6% 94.6% 310 LPM Mean
5.2 15.3 9.1 5.8 3.7 32.4 8.0,
9 53.6% 78.8%  68.8% 87.5% 93.9% 264 LDM Mean
5.9 10.7 7.0 5.1 3.5 343  Ss.D.
15 66,08 59.08"  66.1%""85.8%™"96. %™ 223 LM Mean
4.8 12.4 6.2 11.2 2.6 21.2 S.D.
"N=1
" N=10
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TABLE 4 - RESULTS OF MEASUREMENTS OF VENTILATORY DYNAMICS
AT PRESSURE OF 15 ATMOSPHERES ABSCLUTE,
BREATHING MEDIUM - HELIUM-OXYGEN (95%-5%)"

Mean S.D.

Percentage decrease in M.B.C. 54,4% 6.0

Percent of predicted M.B.C. 76.8% 11.9
Timed vital capacity

1 second . 70.9% 8.2

2 seconds o 89.7% 3.5

3 seconds 96.3% 2.6

Maximum expiratory flow 281 LPM 38.4
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and even dangerously high levels. A comparabie pCO2 in the normal
individual at i atmosphere atsolute would evoke a maximum ventilatozy
response, near 75 to 100 LPM. :In tne underwater swimmer at increased
barometric pressure however there is only 2 slight Increase in the RMV.
Several possib.c explanations ex’st. First, there may ce an altered
responsiveness to ventilatory stimcii due to tne effect of increased
barometric pressure per se. Secondly, the narcotic effect cf the
nitrogen may selectively depress the responsiveness of the respiratory
center. Thirdly, the respiratory center may have adapted tc a higher
pCO2, Lastly, factocrs not customacily considered of laporiance in
respirator- regulation at 1 atmcspheze mey piay a much greater 10le when
the subject i3 exposed to hyperkaric pressure.

4.8 Zocche, Fritts, and Cournard (8) have shcwn that onlv about S0¥ of
the MBC is availapie far prclcnged »yce: rentilazion and <hsc :nis cannot be
maintained over indefinite geric<ds c¢f time. If driser 1o the timit

of capability the resgiratory center resperds by atcepting a less than
adequate alveclaxr ventilation in orsCer to reduce the work., Chernlack
and Snidai {9) and Eldridge and Lavis 10’ tound this compromise petween
tota) work and azcepted aiveciar pCO2 in ctherwise nommai supjects whose
MEC had been decresased by aztif'ctal cbstructien. but whose respsnse of
CO2 inhalation fell far below the .entilatory capaoility. Zechman,
et al (11! noted tnat gsadad alsway cresistance nad only 3 smail effect
on respiratory flow rates in supjects at :est put auring periods of
greater ventilatory demands & dramatvi: etfect o~ total fiew rastriction
and alveclar gas compositior was observed Trere wac 2 rising alveclar
CO2 even tnough the respixatory agpara:i:s was potentlally capasie of
greater vent!iaisor, Tespcase, .rE COMROT T3SLOT N vertilatcry respon-
siveness n each of these >:iudies 20 e stec’es On emphysematous
patients is the oxygen cost of creataing (i2. i3).

4.3 The cunrzor of resplratisn. thes aLpeaszs not o> be reildted to actual
responisiveness to pCO2 mor 15 it a 7. ¢ e of mecnanica. limxisticn per
se, Rather it seems 1o be reiatec tc <h® wore iejulred o breathing 3s
measured by oxygen cost. that :¥.ihe blcioglicar ecoiromy of the 1ecpiratory
apparatus.

4,10 Lanphier's supjects demunstretac 3 mire masred cecreased responsiveness
than aight bave been expected iror iro :dced work of breathing aicne, This
may have been due to the respita.or, ed..pmeni aced c¢r may also have been
due t¢ the specific resplirarosy meclis used  Tq 211 instanctes the oxygen
partial pressure was trom 1008 tc 200% ¢f 2ae atmosprere. Noimatiy,

at 1 atmosphere absolute, tne -espicatiry crive is relatively isZepandent
of the 6Aygen level excepl whe' L1g L3I\ 3. pressure 13.1c weil below cne
fifth of an atmosprere. Higa svypge riescures la the =~ wmal i-aivideal

has little if any effect, anc f ar, effect 15 presert, tihere may be ¢
slight increasz in the RMV, pcssiply due te irxritation of the tracheo-
bronchial muccsa by the ¢ry cuxygen =T a7 increased aieriaess 9~ the
cerebral level., The effect of crxvgen ir depressing the respization

in patients with chronic pulmorary disease has been of isteresy since
Beddaxd and Pembrey (i4' published their cbservaticrs = 1608. Stuales

by Richards, Fritts, ana Qavis 'i%) ard o, Brcdoutky, Macdemell, and
Cherniack {16) indicate that the cepression of respization freguentiy
cbserved In the emphysematicus pit.ent is uiuaily deperdent upor eltrne:

a marked nypercapnia or hypuxia. Of greaiexr significance in the

(o«
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respiratory resnonse to hich oxynen nartial pressurec is wo
andpthe total work beinn nerForxed as demonsgrated bi,B:n:iztcgfags.athinq
1

Cunnincham (17) and by Llovd, Jukes, and Cunnincham (18). The effect of
100% oxycen on ventilation durina exhaustive exercise was a decrease in
RMV and rise in alveolar nC02, The nresence of even a small decressé

in alveolar n0) nroduce! a creater increasa in ventilation from a
particular alveolar nCNy or from exercise.

4,11 Yhen thé'york of hreathing is increased, the presence of a notmal
or slightly decreaced 2''r0’ar nOp may be of areat importance. The
removal of this stimutus hv hyneroxia miy .nlay a very sianificant réle
in production of : hyooventilation and hvnarcaonia. That this alteration
in respiratory centar dnes rot reauire a nrolonced period of adantation
but may he present with'r. a* least as chort a time as thirty minutes

has heen devonstra*ed v '=vnest and Pe*ers (10),

5. <SONCLUSIONS

9.1 The canacitv 0% the reyairatory s-maratus is markedly diminished by

an {rcrracinn denct’v of the respiratory media hat not in a linear fashion,
Thn uen of a qic w'+h & hich viscositv ond Yow density greatly imnroves

the cana®ii*v of ‘he reeniratorv num~,

%.2 The decrnaced coracity of the reentratory amnaratus is nrobably the
result n” {nere-ned gnrl of treithirc nroduced % increased turbulence

9% the dense cases, Previously observed alterations in the RMV and
hyperzonr fa it -deryater swimmere at several atnosoheres pressure can
nratat-iv bned o avnlaired by the greater oxveen cost of breathing and

the hwmaraxic n?fen% on reaaniratorv 2antro' ra‘her than by narcotic
dearersain of ke vacairztnry certer bv elther rliroaen or carbon dioxide;

at In: 2 pavtee e *h~ ~icture,

nf hv-evnxia 1~ - eiintors of oxycen toxicity convulsions §n underwater
‘wirme=s 1< no* nro-en Yt seems high'v nrobable, The us¢ of helium-
oxyren mix*vrec rither ‘than pitroar~~oxvren nixtures as the respiratory
redéiny in c.ncialized underwater breathine ‘ec'inrent seemy highly desirable.

5.3 The ¢t nificante of *he decreased ™'/ and hvnercaoniE in the oresence

5.4 TFurther invectination should be done to accomplish actuzl work of
hrerthinn mezcuyvernpts, CO2 and 02 resnonce, and PNV and nCO2 measurerents
nunder sirilar cord’*ions, York it this laboratorv is nveesantly teina
indertaten 4o Sirther eva'nate these paraveters,

¢. RECOMMENDATIONZ

€.1 ‘litronen<oxynen mixture in scuba divina be abandoned and helium-
oxvoen m°xtures bhe uced exclusively.in mixed gas scuba.

£.2 AV di'ves 'n eauha apparatus which are greater than 100 ft. in depth
and of sufffeiint diration so as to require decompression be made with
mixed ana~ ecuba anparatus,

4.3 l-mediate investination at EDU be directed tomard development of
FoOp decomnression tahles for mixed oas scuba,

.2n-



6.4 Research into equipment design and engineering be initiated for the
development of more satisfactory mixed-gas equi_ment.

6.5 Current research in underwater physiology be dire- -3 toward actuel
measurement of work of breathing, CO2 and O, response, ana ~“MV and
measurements in a comparstive study with air, N202, O; ' HaO, and other
combinations of these and other inert gases.

6.6 Concurrent observations be made of the relationshin vetween the

abcve factors and decompression, oxygen toxicity, oxyqye: czonsumption,
and narcosis.
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